A cavernous angioma is a developmental vascular malformation with a high risk of hemorrhage. The purpose of this work was to retrospectively determine whether an MR sign of T1 hyperintense perilesional signal intensity is useful for the differentiation of cavernous angioma from other hemorrhagic cerebral masses.
A
cavernous angioma, also known as a cavernous malformation or cavernoma, is a developmental vascular malformation that is typically a discrete multilobulated, berrylike lesion containing hemorrhage in various stages of evolution. Hemorrhage is a common complication of a cavernous angioma and is the cause of the first presentation in 30% of cases. 1, 2 The reported annual risk of hemorrhage in a cavernous angioma varies widely (1%-6.8%). [3] [4] [5] MR imaging is the most important diagnostic technique for the detection of cavernous angiomas and frequently produces highly characteristic images. Typically, cavernous angiomas show a mixed signal intensity core, a reticulated "popcorn ball" appearance, and a "T2 blooming sign," which is due to a low signal intensity hemosiderin rim that completely surrounds the lesion. 6, 7 Susceptibility-weighted imaging, such as a T2* gradient-echo image, is more useful for the detection of the hemosiderin deposit and the diagnosis of a cavernous angioma. The typical MR signs of "popcorn ball" appearance and "T2 blooming sign" on T2-weighted images have been reported to be found in approximately 50%-67% of cavernous angiomas. 2, 8 Based on these MR findings, although diagnosis is usually straightforward in typical cases of a cavernous angioma, lesions with unusual MR features may be misdiagnosed as primary or metastatic brain tumors. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] The atypical MR features of cavernous angiomas include variable or strong enhancement, 2,9,10,19 a large perilesional vasogenic edema and mass effect, 2, 10, 19, 20 the cystic form of a cavernous angioma, 9, 20, 21 and the manifestations of a recent hematoma. 22, 23 Cavernous angiomas that present with recent hemorrhage and with a surrounding edema may mimic a primary or secondary brain tumor with hemorrhage; these lesions may be frequently underestimated as a sole hematoma.
Recently, we encountered some cases that showed T1 hyperintensity in a perilesional edema around the acute or subacute hemorrhagic masses. As far as we know, the MR feature of T1 hyperintensity in a perilesional edema around a hemorrhagic mass has not yet been documented. The aim of this study was to determine in a retrospective study whether the MR sign of a T1 hyperintense perilesional signal intensity is useful for differentiating a cavernous angioma from other hemorrhagic cerebral masses.
Materials and Methods

Patients
We retrospectively reviewed 72 consecutive patients with acute or subacute hemorrhagic cerebral masses (29 cavernous angiomas, 13 glioblastomas, 1 oligodendroglioma, 16 hemorrhagic metastases, and 13 acute or subacute intracerebral hematomas). The primary tumors of 16 patients with hemorrhagic metastases were lung cancer (n ϭ 8), liver cancer (n ϭ 5), breast cancer (n ϭ 1), thyroid cancer (n ϭ 1), and chronic myeloid leukemia (n ϭ 1). There were 43 males (age range, 11-71 years; mean age, 45.9 years) and 29 women (age range, 18 -75 years; mean age, 46.2 years). The included patients with cavernous angiomas or brain tumors were selected from a total of 635 consecutive patients with cavernous angiomas (n ϭ 65), glioblastomas (n ϭ 192), and oligodendrogliomas (n ϭ 77), which were histologically proven, and patients with surgically or clinically proven cerebral metastases (n ϭ 301) between February 1999 and April 2004. The inclusion criteria for selection of patients were the presence of a perilesional vasogenic edema accompanying a hemorrhagic mass on a T2-weighted image and the presence of a hemorrhagic mass with a large amount of acute or subacute hemorrhage covering more than half of the mass area on 2D axial T1, T2, or susceptibility MR images. The presence of hemorrhage was determined by CT (the presence of an obvious high attenuation suggestive of an acute clot) or by MR imaging (the presence of typical signal intensity of an acute or subacute hematoma including hypointensity on T2-or T2* gradient-echo images and/or the presence of hyperintensity on a T1-weighted image).
This study also included 13 consecutive patients with an acute or subacute spontaneous intracerebral hematoma during a period of 2 years in which the presumed etiologies were hypertensive hemorrhage (n ϭ 11) or undetermined (n ϭ 2) by final clinical diagnoses. The institutional review board (Seoul National University) approved this study, and informed consent was waived for the retrospective study.
MR Imaging
MR imaging was performed by using two 1.5T MR imaging systems (Magnetom Vision; Siemens Medical Systems, Erlangen, Germany and Signa; GE Medical Systems, Milwaukee, Wis). In all of the patients, unenhanced T1-weighted images (axial or sagittal) and fast spin-echo T2-weighted axial images were obtained. Enhanced T1-weighted images with gadopentetate dimeglumine (Magnevist; Schering, Berlin, Germany) at a dose of 0.1 mmol/kg were also obtained in all of the patients except for 3 patients with cavernous angiomas. The MR imaging parameters used were as follows: 450 -500/8 -12/1-2 ms (TR/TE/NEX) for spin-echo T1-weighted images and 3666 -5000/96 -105/1-2/7 ms (TR/TEeff/NEX/echo train) for fast spin-echo T2-weighted images. Other parameters were 5-mm section thickness, 2-mm gap, 210 ϫ 240 mm FOV, and a matrix of 256 ϫ 192.
Assessment of the MR Sign of the T1 Hyperintense Perilesional Signal Intensity
Two experienced neuroradiologists (D.G.N. and B.J.K., with 10 years and 6 years of neuroradiology experience, respectively) independently reviewed all of the MR images; disagreements were decided by consensus, and both clinicians were unaware of the information concerning the clinical history, the findings of other modalities, and final diagnoses. The interpreters decided on the presence of a T1 hyperintense perilesional signal intensity in each case, which was determined when an obvious hyperintensity showing a higher signal intensity than the normal white matter was present within the vasogenic edema of a hemorrhagic mass on unenhanced T1-weighted images. In 37 patients in whom the unenhanced T1-weighted axial images were not available, the presence of a T1 hyperintense perilesional signal intensity was determined on unenhanced T1-sagittal images by using the 3D localization method in a PACS console (Maroview; Marotech, Seoul, Korea), and it was also reevaluated on enhanced T1-axial and -sagittal images.
Measurement of the T1 Signal Intensity of a Perilesional Edema
A radiologist (T.J.Y.) who was unaware of final diagnoses performed a quantitative measurement of signal intensity. For the measurement of the T1 signal intensity of a perilesional edema, manually drawn regions of interest (ROIs) of perilesional edemas on T2-weighted axial images were copied to same locations on unenhanced T1-weighted axial images on a PACS console. Because the T1 signal intensity of a perilesional edema can be heterogeneous, we used an ROI drawn along the boundary of the whole perilesional edema on a T2-weighted axial image at 1 image level showing the largest perilesional vasogenic edema. The T1 signal intensities of contralateral normal white matter (corona radiata) were also measured using ROIs (mean size, 200 mm 2 ). Quantitative measurements were performed in 32 of the 72 patients (cavernous angioma in 17 patients and other hemorrhagic mass in 15 patients). In the other 40 patients, a quantitative measurement was not performed, because the unenhanced T1-weighted axial images were either unavailable (n ϭ 37) or available only as hard copy images (n ϭ 3).
Comparison of Cavernous Angiomas With and Without the T1 Hyperintense Perilesional Signal Intensity
In all of the patients with cavernous angiomas, the locations of the lesions, the presence of contrast enhancement, the volumes of hemorrhagic masses and the perilesional edemas, and the time intervals between symptom onset and MR imaging were also assessed and were compared between cavernous angiomas with and without the T1 hyperintense perilesional signal intensity sign. One radiologist (T.J.Y.), unaware of the final diagnoses, measured the volumes of the hemorrhagic masses and the perilesional edemas. After the areas of the hemorrhagic masses and perilesional edemas were measured on T2-weighted axial images at each section level, the volumes of the hemorrhagic masses and the perilesional edemas were calculated by multiplying the lesion size by the section thickness.
Assessment of the Profoundly Hypointense Signal Intensity or Rim on the T2-Weighted Image
Two radiologists (D.G.N. and T.J.Y.) evaluated MR images to determine the presence of profoundly hypointense signal intensity or rim in the hemorrhagic mass on T2-weighted images. The interpreters were blinded to the final diagnoses of hemorrhagic masses and determined the presence of profoundly hypointense signal intensity or rim by consensus when a hypointense signal intensity or rim darker than the white matter was found within or at the margin of hemorrhagic masses on T2-weighted images.
Histologic Examination of the Surgical Specimens
In 18 cavernous angiomas that showed the MR sign of a T1 hyperintense perilesional signal intensity, the resected brain specimens were retrospectively evaluated. All of the specimens taken from patients with a cavernous angioma were routinely processed for the histopathologic examination after formalin fixation, and the resected brain specimens were stained with hematoxylin-eosin. The histologic features of white matter around the cavernous angioma were evaluated by 2 neuropathologists (Y.-L.S. and S.-H.P.) to investigate the histologic changes of the white matter showing the MR sign of a T1
hyperintense perilesional signal intensity around the cavernous angioma.
Statistical Analysis
Statistical analysis was performed by using commercially available software (Version 11.5 for Windows; SPSS, Chicago, Ill). The unpaired t test was used for the comparison of the T1 signal intensity of a perilesional edema between patients with and without the MR feature of a T1 hyperintense perilesional signal intensity. The unpaired t test was also used to assess differences in mass volumes and vasogenic edema and the intervals between symptom onset and MR imaging between cavernous angiomas with the T1 hyperintense perilesional signal intensity sign and lesions without the sign. Fisher exact test was used to assess differences in the presence of hemorrhagic mass enhancement and the presence of the T2 hypointense signal intensity or rim. For all of the statistical analysis, the significance level for differences was set at P Ͻ 0.05. values were interpreted as suggested by Landis and Koch, 24 and the value used for determining the presence of the T1 hyperintense perilesional signal intensity sign was 0.77.
Results
MR Sign of the T1 Hyperintense Perilesional Signal Intensity
The MR sign of the T1 hyperintense perilesional signal intensity was observed for 18 (62%) of 29 cavernous angiomas (Figs 1 and 2) and in 1 (6.3%) of 16 hemorrhagic metastases but was not observed in glioblastomas, oligodendroglioma, and intracerebral hemorrhages (Figs 3 and 4) . T1 hyperintensity was more obvious at the deep region, around the hemorrhagic mass, than at the peripheral region of the edema in all of the cavernous angiomas. In 1 patient with a hemorrhagic metastasis who had an MR finding of the T1 hyperintense perilesional signal intensity, there was a different pattern of T1 hyperintensity in the perilesional edema; namely, a subtle T1 A perilesional massive edema and mass effect is seen. There is a hypointense lesion in the periventricular white matter of the left parietal lobe and a few small hypointense lesions that were also found in both hemispheres on a T2* gradientecho image (data not shown), which indicate possible multiple cavernous angiomas. B, An axial T1-weighted image (TR/TE/NEX, 500/9/2 ms) shows a T1 hyperintense perilesional signal intensity sign and mild hyperintensity of a perilesional edema at the deep area abutting the hemorrhagic mass (arrows). Note the centripetal pattern of the T1 hyperintense perilesional signal intensity sign in which T1 hyperintensity within the perilesional edema is observed only in the deep area around the hemorrhagic mass; it is not observed at the periphery of edema.
hyperintensity was detected in the peripheral region of the peritumoral edema and spared the deep area of the edema around the hematoma. The accuracy, sensitivity, specificity, and positive and negative predictive values of the MR sign for a diagnosis of a cavernous angioma were 80%, 62%, 98%, 95%, and 79%, respectively, in patients with hemorrhagic cerebral masses. Table 1 shows a summary of the quantitative analysis of the T1 hyperintense perilesional signal intensity sign in 32 patients. The mean T1 signal intensity ratio of the perilesional edema was significantly higher for cavernous angiomas (n ϭ 17) than for other hemorrhagic masses (n ϭ 15; P Ͻ .001). In 17 patients with cavernous angiomas, the mean T1 signal intensity of the edema was significantly higher than that of the contralateral white matter (P ϭ .045), but in other hemorrhagic masses, the T1 signal intensity of the perilesional edema was significantly lower than that of the contralateral white matter (P Ͻ .001).
T1 Signal Intensity of a Perilesional Edema
Of 17 patients with cavernous angiomas, the mean perilesional edema T1 signal intensity was significantly higher in patients (n ϭ 12) with the MR sign of the T1 hyperintense signal intensity than in patients (n ϭ 5) without the MR sign (P Ͻ .001). No significant difference was found between cav- ernous angiomas without the MR sign of the T1 hyperintense signal intensity and other hemorrhagic masses in terms of the perilesional T1 signal intensity (P ϭ .895). Table 2 shows a summary of data for 29 patients with cavernous angiomas. The mean volume of a vasogenic edema was significantly larger for patients with a T1 hyperintense perilesional signal intensity sign than for those without the sign (P Ͻ .001). However, the mean volume of hemorrhagic masses and the presence of enhancement were not found to be significantly associated with presence of the MR sign of the T1 hyperintense perilesional signal intensity (P Ͼ .2). The T1 hyperintense perilesional signal intensity sign was found in the white matter of cerebral hemispheres in 16 (89%) of the 18 patients with this sign. The time interval between symptom onset and MR imaging showed a tendency to be shorter for patients with the T1 hyperintense perilesional signal intensity than in patients without the sign, but this was not statistically significant (P ϭ .06).
Cavernous Angiomas With and Without the T1 Hyperintense Perilesional Signal Intensity
Profoundly Hypointense Signal Intensity or Rim on the T2-Weighted Image
The MR finding of profoundly hypointense signal intensity or rim in the hemorrhagic mass on the T2-weighted image was significantly more common in cavernous angiomas than those in other hemorrhagic masses (P ϭ .02 and P Ͻ .0001, respectively). The accuracy, sensitivity, specificity, and positive and negative predictive values of the profoundly hypointense signal intensity for a diagnosis of cavernous angioma were 60%, 83%, 44%, 50%, and 79%, and those of the profoundly hypointense rim were 74%, 76%, 72%, 65%, and 82%.
Histologic Findings of White Matter Showing the T1 Hyperintense Perilesional Signal Intensity
Histologic changes of white matter around a cavernous angioma were evaluated on surgical specimens in 14 of 18 patients who had MR signs of the T1 hyperintense signal intensity. In 4 patients, surgical specimens of white matter around a cavernous angioma were not available or not optimal for determining the presence of hemorrhage unrelated to surgery. Histologic examinations of the surgical specimens in 14 patients with cavernous angiomas revealed cavernous angiomas with hematoma formation and recent microscopic hemorrhage in the surrounding white matter tissue in all of the patients. The perilesional hemorrhage in the white matter was stained yellow or brown by hemosiderin pigmentation and was associated with infiltration of siderophages or inflammatory cells (n ϭ 11) and gliosis (n ϭ 13; Fig 1) .
Discussion
In the present study, it was found that the T1 hyperintense perilesional signal intensity sign was present in 62% of cavernous angiomas with recent hemorrhage and that it was highly specific (98%) and predictive (95%) for a cavernous angioma in patients manifesting an acute or subacute hemorrhagic cerebral mass. The perilesional edema produced by an intracerebral hemorrhage or tumor is typically a vasogenic edema manifested as T2 hyperintensity and T1 hypointensity due to an increase in water content of the brain tissue, which is usually most obvious in the white matter. 25 The T1 hyperintensity of a perilesional edema in a cavernous angioma is an atypical MR feature of a vasogenic edema that cannot be explained by the mechanism of a typical vasogenic edema that is usually manifested in a brain tumor or intracerebral hemorrhage.
A brain edema is, by definition, an increase in the water content of brain tissue, and a vasogenic edema typically develops in patients with a brain tumor or intracerebral hematoma. A vasogenic edema results from an increase in the permeability of the blood-brain barrier (BBB). The vasogenic edema is characterized by BBB dysfunction and accumulation of plasma fluid within the brain tissue extracellular spaces. 25 Although the mechanism of a perihematomal edema has not been fully established, edema formation is caused by BBB dysfunction of the cerebral vessels around a hematoma, which could be associated with many factors, including hydrostatic pressure and clot retraction, 26, 27 coagulation cascade activation and thrombin formation, 28 red blood cell lysis, and hemoglobin toxicity. 29, 30 Peritumoral edema formation is caused by an increase in the capillary permeability of tumor vessels, which may be associated with tumor microvessel ultrastructural abnormalities, the underexpression of tight junction proteins, or the overexpression of the membrane water channel protein aquaporin-4. [31] [32] [33] Although the presumed etiology for edema in a cavernous angioma is still unclear, a perilesional edema is often associated with the occurrence of overt hemorrhage and lesion expansion and may be associated with the occurrence of symptoms in patients with cavernous angiomas. 19, 20, 34 The BBB in normal cerebral blood vessels is a specialized system of capillary endothelial cells with tight junctions and periendothelial structures (pericytes, basal lamina, and astrocytic foot processes). Recent electron microscopy and immunohistochemistry studies of cavernous angiomas [35] [36] [37] have identified specific differences between the architectures of normal cerebral blood vessels and those in cavernous malformations. In contrast to the normal cerebral vessels, the vascular walls of a cavernous angioma show endothelial cell fenestrations, large endothelial cell junction gaps, the absence of basal lamina, no astrocytic foot process, and the rare presence of pericytes. 35, 37 Thus, these ultrastructural characteristics of cavernous angiomas create dysfunctional BBBs, which probably permit the chronic extravasation of red blood cells through the vessel walls and result in microhemorrhages and hemosiderin deposition in the surrounding parenchyma. 36, 37 Although the exact mechanism of T1 hyperintense perilesional signal intensity is unclear, the results of our study provide insights that may explain this MR finding for cavernous angiomas. First, our study shows that a perilesional edema is larger in cavernous angiomas with a T1 hyperintense perilesional signal intensity sign than in lesions without this sign, which suggests that this MR sign may be closely associated with more significant edema formation. Second, the results of the histologic examinations suggest that the T1 hyperintense perilesional signal intensity sign may be due to extravascular leakage of a large amount of red blood cells and plasma during edema formation. This finding is also supported by the observation that the T1 hyperintense perilesional signal intensity was more obvious at the area abutting the cavernous angioma. Third, the T1 hyperintense perilesional signal intensity may be related to overt hemorrhage within a cavernous angioma, because a perilesional edema is most commonly found in a cavernous angioma accompanying overt hemorrhage. A histopathologic study of cavernous angiomas 36 showed that the BBB integrity loss was more obvious in cavernous angiomas with hemorrhage than in lesions without hemorrhage, which also suggests that a dysfunctional BBB in the vessels of a cavernous angioma appears to be closely associated with the occurrence of overt hemorrhage within cavernous angiomas.
The differential diagnosis of a focal cerebral hemorrhagic mass should include neoplastic hemorrhage, as well as a nonneoplastic hemorrhage, in patients with hemorrhagic stroke, because a glioblastoma or hemorrhagic metastasis may manifest as an acute intracerebral hemorrhage with no obvious enhancing mass as seen on MR images. Moreover, cavernous angiomas with overt hemorrhage may mimic malignant tumors, such as a high-grade glioma or a metastatic tumor manifesting overt hemorrhage, because a cavernous angioma may accompany a significant perilesional edema and variable enhancement. Although the T1 hyperintense perilesional signal intensity sign was found only in approximately two thirds of cavernous angiomas with overt hemorrhage and perilesional edema, this MR sign was found to be highly specific for a cavernous angioma and provides an additional confirmation for the differential diagnosis of cerebral hemorrhagic masses.
Our study showed a significantly higher incidence of profoundly hypointense signal intensity or rim on the T2-weighted images in cavernous angiomas compared with that in other hemorrhagic masses. Although the MR feature of the profoundly hypointense rim was more accurate for a diagnosis of cavernous angiomas than the MR feature of profoundly hypointense signal intensity, both MR features were less specific and less predictive of cavernous angiomas. This may be explained by the fact that the MR feature of profoundly hypointense signal intensity or rim by acute clot or hemosiderin deposits could be the result of other hemorrhagic lesions, as well as cavernous angiomas.
This study has some limitations. First, we included only patients with hemorrhagic tumors-glioblastomas, oligodendroglioma, and hemorrhagic metastases. Therefore, it may be difficult to generalize the diagnostic value of the T1 hyperintense perilesional signal intensity for other hemorrhagic tumors. Second, the T1 perilesional edema signal intensity was measured in only a limited number of patients, because source data were not available in some patients.
Conclusion
The T1 hyperintense perilesional signal intensity is a useful sign for differentiating cavernous angioma from other hemorrhagic masses, such as primary or secondary brain neoplasms and primary intracerebral hematomas. The MR sign of a T1 hyperintense perilesional signal intensity was highly specific and predictive of a cavernous angioma; therefore, when the T1 hyperintense perilesional signal intensity is present, a diagnosis of a cavernous angioma should be suggested with a high probability.
